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Combining the measured B s mixing with b — » s£ + £~ rate data, we find a sizable 4 generation t' 
quark effect is allowed, for example with m t > ~ 300 GeV and V t * g V t >t ~ 0.025 e ±! 70 , which could 
underly the new physics indications in CP violation studies of 6 — > sqq transitions. With positive 
phase, large and negative mixing-dependent CP violation in B„ system is predicted, sin 2<E>b 3 ~ —0.5 
to —0.7. This can also be probed via width difference methods. As a corollary, the short distance 
generated D°-D° mass difference is found to be consistent with, if not slightly higher than, recent 
B factory measurements, while CP violation is subdued with sin2$_o ~ —0.2. 
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Two decades after discovering large B®-B® mixing 
the long standing bound of 14.4 ps _1 @ on B®-B® mixing 
finally turned into a precise measurement Q, 

Am Bs = 17.77 ±0.10 ±0.07 ps _1 , (1) 

and the focus is now on the associated CP violation 
(CPV). The measured large CPV phase sin2$ Bd ~ 0.7 
in Bd mixing (also called sin20i or sin 2/3) is consistent 
with the Standard Model (SM). However, sin2$|^ ~ 
—0.04 is small, and offers a window on New Physics (NP). 
The Tevatron can probe mixing-dependent CPV in B s de- 
cay only if sin2$s s is large. Another method using the 
width difference has recently yielded 0] 

Ar Bs = 0.13 ± 0.09 ps" 1 , (j) s = -0.70±°;g, (2) 

where <f) s = 2$ Bs ~ -40° is sizable, but only 1.2a [H 
away from zero. But it is worth emphasizing that any 
evidence for sin 2$ b s ^ before the turning on of LHC 
would herald New Physics. 

The situation in D°-D° mixing is both similar and dif- 
ferent. There is now an indication for Amu ^ 

x D = Am D /T D = 0.80 ±0.29 ±0.17 %, (3) 

which is 2.4er from zero, while indications for effective 
width differences have been further strengthened, 

yep = 1.31 ± 0.32 ± 0.25 %, (4) 
y' D = 0.97 ±0.44 ±0.31 % (5) 

at 3.2ct @ and 3.9cr [tJ from zero, respectively. With no 
evidence for CPV, yep — yo = Ar D /2T D is expected, 
while y' D = yocosS — xr>sm5 mixes yu and xu by a 
strong phase S in D — » Ktt decay. The SM predicts the 
short distance Am|P and associated CPV sin 2$£> to be 
negligible, but long distance effects could generate yo ~ 
%, which in principle could generate the observed Xd- 
But a finite xf? or sin 2$ B would indicate NP. 

Can sin 2$^ be large? If so, can it be linked to finite 
AmfP? Can sin2$ D be finite? Although Eqs. ©-© 



are not inconsistent with SM, the window for NP is tan- 
talizing. In this paper we show that, by combining Atob s 
with b — > s£ + i~ rate and enlarging to 4 sequential gen- 
erations (SM4), a sizable CPV phase in V t 1 s V t >b is typi- 
cally inferred, leading to sizable sin2$_e s < 0. This new 
CPV phase is preferred by NP hints in CPV in charmless 
b — > sqq transitions. SM-like CPV in b — > d transitions 
follow from imposing Z — > bb and kaon constraints. Be- 
sides sin2$s s < and rather enhanced Kt. — » n a vv, we 
find Amf? at the level of Eq. ^ or higher, but sin2<I>£, 
is subdued. The unifying thread behind all these phe- 
nomena is the nondecoupling of t and t' (and b') quarks, 
where t' brings in two new CPV phases. 

The 4th generation is in fact disfavored by electroweak 
precision tests, although loopholes do exist Q. However, 
direct search for b' and t' quarks has never ceased to 
be pursued at the energy frontier which would open 
up greatly in the era of LHC. One should therefore keep 
an open mind when searching for NP in the flavor and 
CPV frontier. After all, with the richness of phenomena 
already from the 3x3 quark mixing matrix V, enlarging 
it to 4 x 4 implies considerable enrichment. What we 
stress is that the 4th generation very naturally impacts 
on box and electroweak penguin (EWP) diagrams that 
enter Atob s and B(b — > s£ + £~), by the nondecoupling 
of t and t' quark effects Q. Destructive interference can 
allow a sizable t' contribution in association with a large 
CPV phase in V t 1 s V t >b @]. 

B s mixing and b — > s£ + £~ all involve b <-> s tran- 
sitions, where currently there are two hints for NP in- 
volving CPV. Mixing dependent CPV measured in many 
b — * sqq modes give [Kj the trend S S q q < Srr. a (the 
AS problem). A second hint is the observed [l(| dif- 
ference in direct CPV in B° -> K+tt- vs B+ -> K + ir° 
(the AAktt problem). So the hope for large sin2$s s is 
not unfounded. Fourth generation effects through EWP 
may also be behind these NP hints, as has been shown 
in several papers [III El) EH- In fact, in Ref. [TTJ] we 
showed that the parameter space implied by AAk-k is 
independently supported by combining the Arris, bound 
at that time with B(b — > s£ + £r). However, since AmB B 
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FIG. 1: Normalized t' corrections (a) ASq/Sq (for box dia- 
grams) and (b) — ACi/\C\\ (for penguins) vs m t /. 

and Bib — > s£ + £~) suffer far less hadronic uncertainties, 
with Amg s now precisely known, the strategy should be 
switched around. 

Throughout this paper, we will take me ~ 300 GeV for 
sake of illustration. We stress that changing me does not 
affect the effects that we discuss, but leads to a shift in 
the parameter range. Extending the quark mixing matrix 
V from 3 x 3 to 4 x 4, all processes involving flavor are af- 
fected. With V t 1 s V t 'b determined from b — > s transitions, 
we were able to [hij more or less fix V from consider- 
ing Z — > bb and rare kaon constraints. Remarkably, the 
stringent kaon constraints imply (l4| b — > d measurements 
such as Am Bd and sin2$s d would be SM-like, a neces- 
sary condition to survive NP tests [Hj], while Kl — ► tt q vv 
could be greatly enhanced. It is critical to include (two) 
new CPV phases, not only because they are naturally 
present, but also because it enriches and enlarges @ the 
parameter space and phenomena. A recent study [l6| 
of the 4th generation, aimed towards checking whether 
V t b = 1, ignored CPV and assumed V? s to be real. 

Let us illustrate how the 4th generation enters box 
and EWP diagrams. For b — ► s transitions, 4 gen- 
eration unitarity gives X u + X c + At + Af = 0, where 
Xi = V* s Vib- Since |A«| < 10~ 3 by direct measurement, 
one has At = — A c — Af M\i for B s mixing is then pro- 
portional to 

fl a BB s {x 2 c S (t,t) - 2A c Af AS^ + A?,Asf } }, (6) 

where the first SM3 term is practically real (ri2, which 
gives ALs s , is generated by interference of b — > ccs decay 
final states between B s and B s ). With 

AS^ = S (t,t')-S (t,t), 

AS^ = S (t',t')-2S (t,t') + S (t,t), 

the t' terms in Eq. (JSJ) respect GIM cancellation and 
vanish with Af , analogous to A C, = Cf — C\ [1, [ll| 
that modifies the Wilson coefficients Ci for b — » sqq (and 

sl + r) decays. The normalized AS^ (to Sq = S {t,t)) 
are plotted in Fig. 1(a) vs my , which can be compared 
to AC 7:9 (normalized to C\ [ll|) plotted in Fig. 1(b). 
The stong m t ' dependence illustrates the nondecoupling 
of SM-like heavy quarks from box and EWP diagrams [8| ■ 
In contrast, the strong penguin corrections A C^q shown 
in Fig. 1(b) have very mild m t ' dependence fl7]- The 
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FIG. 2: (a) Am Bs , (b) sin2$ fls , (c) B(b sl+r) and (d) 
cos2$ Bs vs cj> sb , for me = 300 GeV and r sb = 0.02, 0.025 
and 0.03, where V*i s Veb — r sb e !< ^ s!> . Larger r sb gives stronger 
variation. The dashed line in (a) is the nominal SM3 result, 
and the solid bands for (a) and (c) are 2a and la experimental 
ranges, respectively. 

electromagnetic (i.e. photonic) penguin is likewise, which 
we will return to in our discussion later. Thus, the 4th 
generation is of particular interest for processes involving 
boxes and Z penguins, the focus of our study. 

Besides the strong me dependence of B s mixing, Af 
brings in a weak phase, which we parameterize as 

Xe = V t 1 s Ve b = r sb e^ b . (7) 

This phase was not emphasized 20 years ago in the orig- 
inal work of Ref. Q , leading some authors to claim very 
narrow allowed parameter range from data. But as was 
emphasized [9[ later, the phase enriches the parameter 
space considerably, allowing large effects from t' even 
when both Arris, and B(b — > s£ + £~) appear SM-like. 
For example, when Af is close to imaginary, the t and 
t' contributions are largely real and imaginary, respec- 
tively, hence add only in quadrature and do not interfere 
in B(b -► s£+£~). But this is just ripe for CPV. 

In the following, we take mt = 170 GeV. The central 
value of f Bs ^/Bb~ s = 295 ± 32 MeV [H[ would give the 
SM3 expectation of ~ 24 ps _1 [ll|, which seems a little 
high compared with Eq. (Q]). Of course, fB s \fB~B~ s could 
be in the lower range, but it could also turn out higher. 
Some New Physics that interferes destructively with SM3 
is clearly welcome. Keeping fs, \J Bb s = 295 MeV, we 
plot Ams s vs <f) s b in Fig. 2(a) for me = 300 GeV and 
several r s b values. The SM3 value is shown as dashed 
line, and the 2 a range of Eq. (Q]) is the solid band. We 
see that destructive interference occurs for <fi s b in 1st and 
4th quadrants, bringing Am Bs down from SM3 value to 
the CDF range, while the 2nd and 3rd quadrants are ruled 
out. For given r s t>, one projects a rather narrow <p s b range. 
For r sb = 0.02, 0.025, 0.03 (cf. A c = V* s V cb ~ 0.04 for top 
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FIG. 3: -AC 77 /|C£ 7 | and -AC 89 /jC| 9 vs m ¥ , which gov- 
erns on-shell photon and gluon emission. 



contribution), we find <j) sb ~ 52°-55°, 62°-64°, 67°-69°, 
respectively. These are quite imaginary and implies large 
sin2$s s , which is plotted in Fig. 2(b). 

What is remarkable is the consistency of the observed 
b — > s£ + £~ rate with the above projection. This is 
because the b — > s£ + £~ process is also dominated by 
EWP and box diagrams [8|. The current world aver- 
age is B(b -► s£+£-) = (4.5 ± 1.0) x 1(T 6 2} (a cut on 
mm > 0.2 GeV is applied), which is lower than two years 
ago. We follow the NNLO calculation of Ref. [H and 
incorporate [ll| the 4th generation effect by modifying 
short distance Wilson coefficients. Although formulas in 
Ref. are simpler, it is less clear how to incorporate 
the 4th generation. We have checked that the Aqcd / mb 
corrections in Ref. [2l[ do not affect the NNLO result by 
much. We find B(b -> s£+£-)\ SM ^ 4.26 x 10" 6 , in good 
agreement with data. 

We plot B(b -> s£ + £~) vs cj> sb in Fig. 2(c), together 
with the 1 a range of data. The dependence on r s b and 
(j> s b resembles the AniB s case. We see that for r s b ~ 0.02, 
0.025 and 0.03, \<j) s b\ 55° is implied, which practically 
rules out the allowed range from Am,B s for r sb ~ 0.02. 
Of course, there are uncertainties in both the measure- 
ments and the theory, but our discussion makes clear that 
combining B(b — > s£ + £~) with Am^, one can constrain 
further the allowed parameter space. 

Returning to Fig. 2(b), we see that sin2$s s ~ —0.5 
to —0.7 for r s b ~ 0.025 to 0.03 for (p s b in first quadrant, 
which can give AAk* ~ 0.15 and AS < 0, GJ]. The 
latter excludes the opposite sign case of <f) s b in fourth 
quadrant. Note that one recovers the SM3 expectation of 
~ —0.04 for 4> s b — 0. Measuring mixing-dependent CPV 
should be no problem at LHC experiments such as LHCb, 
but it is excitin g th at, with the Tevatron sensitivity of 0.2 
per experiment [22J , our prediction could be tested at the 
3<7 level before LHC turn on. 

We plot the somewhat redundant cos 2$s s in Fig. 2(d), 
which can be probed by comparing ATb,/Tb, measure- 
ments in non-CP and CP eigenstates [23J and other width 
difference approaches. The recent result by DO [J] is given 
in Eq. ([2]). The Belle experiment has collected data in 
2006 on the T(5S) [24[ for purpose of B s physics, but it 
remains to be seen how much data would be needed for 
cos 2$ b s to be profitably probed. With central parameter 
values we find sin2<I>B s ~ —0.55 hence cos2$s s ~ 0.84. 
It is possible that the AFb s approach could reach the 
precision to probe cos2<1>b, < 0.85. 
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FIG. 4: B(b -» si) vs 4> sb for m t , = (a) 300 (solid), 350 
(dashed), (b) 500 (solid), 700(dashed) GeV. For each m t >, two 
curves are shown, one each for r s t = 0.01 and 0.03, to illustrate 
the range, where larger value gives stronger variation. 

We have delayed the discussion of b — > S7 until now, to 
make clear the contrast: the well measured B{b — > sj), 
which is in agreement with SM expectation, does not 
provide a better constraint. The relevant operator is 
cr^mbR, which is of dipole form, with coefficient CV 7 , 
which should not be confused with C7. The point is that, 
unlike Cg and C7, the 4th generation correction AC7 7 
has rather mild dependence on my. We plot — ACV 7 
normalized to \C\A (as well as — ACg ff normalized to 
|Cg s |, the gluonic dipole counterpart), in Fig. 3. Com- 
paring with Fig. 1(b), the me dependence is stronger 
than —ACifi/\C\\ : but much weaker than —ACt^/C\. 

In addition to the milder dependence on m t i , as we have 
mentioned, t and t' effects add mostly in quadrature for 
the range of 4> sb under discussion. The combined effect is 
that B(b — > 57) does not pose a problem [lij ]. To make 
this point clear, we plot B(b — > s-f) vs 4> s b in Figs. 4(a) and 
(b) for m v = 300, 350, and 500, 700 GeV, respectively, 
for r s b = 0.01 and 0.03, for sake of illustration. We have 
taken the next-to-leading order results of Ref. [25[ , which 
give an SM value of 3.4 x 10~ 4 . Indeed the variation of the 
curves are much milder compared with that of b — > s£ + £~ 
plotted in Fig. 2(c), even for extreme m' t masses such as 
500-700 GeV. The values stay closer to the experimental 
range, especially for <j) s b near 90°. We also point out that 
the 4th generation in our scenario gives rise to a smaller 
A C v{b -> 57) than SM (see Fig 3(c) of Ref. [11]), and 
again does not pose any problem. 

We note that our <^> s & range tend to reduce B(b — > s-f) 
by a small amount. Recent next-to-next-to-leading order 
(NNL) calculations lead to a smaller [26| SM expectation. 
This could pose a problem, but the NNL calculation is 
yet incomplete [13 • The situation should be watched, 
but in any case this would be a generic problem, not just 
for the 4th generation model. 

A 4th generation affects all flavor changing phenomena, 
including D° mixing. For this purpose, it is useful to take 
the 4x4 parametrization [28j that puts phases in V u b 
(as in SM3), V Vs , and V vd - With V t 1 s V t >_b determined, 
in a previous study [l4[ we used Z — > bb to fix V t ' b ~ 
-0.22, hence V t > a ~ -0.114 e~ i70 ° . The kaon constraints 
then imply Vfd ~ — 0.0044 e~ l 10 , leading to enhanced 
Kl — * tPvv [1J|. It is nontrivial that b — > d observables 
become SM-like, while b — > s has large CPV, which can 
be seen by comparing Fig. 1(b) to 1(a) of Ref. one 
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FIG. 5: (a) Am D vs <j> db for m v = 230 (solid), 270 (dash) 
and 310 (dotdash) GeV and r c ib = 10~ 3 , where V t i d V t 1 b = 
r c ibe~" t ' db ; (b) sin2«l>i3 vs <fi db for my = 270 GeV and r db ~ 
(0.8, 1, 1.2) x 10" 3 . The solid horizontal line in (a) is the 
PDG bound, while the dashed band is 2a range of Eq. @. 

can barely tell apart the SM4 b — > d quadrangle from the 
SM3 triangle, while the SM4 b — + s quadrangle is large 
and distinct from the squashed SM 3 "triangle" . 

By unitarity one then finds V c b> ~ 0.116 e l66 and 
V ub > ~ 0.028 e l61 °, giving 

VuvV* v = r uc e~ 1 ^ ~ +0.0033 e"* 5 ° , (8) 

which affects c — ► u transitions via b' loops. With 
IKifcKbl < 10~ 4 by direct measurement hence V u dV* d + 
V US V* S + V uV V* v £* 0, Eq. © implies V ud V* d ~ -0.218 
and V US V* S ~ 0.215 are real to better than 3 decimal 
places, very much like in SM3. These govern c — * udd 
and uss decays that generate yo p9j . which in turn could 
generate |x^ D | ~ \yn\ by dispersion relations. 

Long-distance effects are beyond our scope. Our inter- 
est is in the V u b'V* b , term. Though small, it cannot be 
ignored, since m b > ~ m t > by electroweak precision con- 
straints hence is very heavy. This can generate x^ , anal- 
ogous to Eq. ([6]) for Attlb,, which would be vanishingly 
small in SM3 because of |VubKfc| 2 suppression. 

To illustrate the short-distance effect generated by 6', 
we take JdVBd = 200 MeV and plot Amd vs <fidb = 
axgV£ d V t >b in Fig. 5(a), for m v = 230, 270 and 310 GeV, 
respectively, and rdb = | V t 1 d V t 'b\ = 10~ 3 . The reason we 
plot against 4>db is because 4>db and rdb are fitted [13] to 
kaon data, after fixing r s b ~ 0.025 and 4>sb ~ 65°. We 
found 4>db ~ 10° and r db — 10 -3 . We see that Araff 
lies just below the PDG bound (solid line), but is slightly 
higher than the upper range of Eq. ([3]) (dashed band), 
which is interesting. With yu ~ 1%, \x]^ \ could be com- 
parable [1^]. Thus, our rough prediction of xf, D could be 
plainly consistent with Eq. ([3]), or imply destructive in- 
terference between short and long distance x^P and . 
This is reminiscent of the situation in Attik- 

The critical test would be CPV. Although (j) db ~ 10°, 
in Fig. 5(b) we plot sin2<j>£> vs 4>db for my = 270 GeV and 
r d b = (0.8, 1, 1.2) x 10~ 3 . Because of the tiny <\> uc — 5°, 
our scenario predicts rather small, but still finite CP V in 
D° mixing, at not more than —0.2 level. It is remarkable 
that this is consistent with no hints so far for CPV in 
D mixing from experiment 0, S S 0|- But a nonzero 
sin2$£> should be of great interest in the longer term. 

We note that experimental hints for Ar^ has been 
around for some time [2j, which stimulated the theoreti- 



cal suggestion [29[ that ijd ~ % level is possible in SM. 
The recent measurement of y' D = yu cos S — xd sin S by 
BaBar [7] in wrong-sign D° — > K + ir~ decays, Eq. ©, 
is consistent with the previous Belle [3(| measurement, 
though higher in value. Unfortunately, the strong phase 
difference S between the mixing and doubly-Cabibbo sup- 
pressed amplitudes is unknown. With an active program 
at the B factories and CLEO-c, and the start of BESIII 
and LHCb in 2008, one expects the yn and xd mea- 
surements to improve. Measurement of 5, such as with 
methods developed in Ref. [3l[, could shed further light 
on consistency of different measurements, yep, yD, xd, 
8 could all become measured in a few years. But with 
Vd ~ 1% ~ xd the likely outcome, to elucidate whether 
one has SM or NP effect, ultimately one has to measure 
sin 2<I>£), which perhaps could be done by LHCb, but may 
have to await a Super B factory. 

Comparatively, measuring sin2<I>B s ~ —0.55 before 
2008 should be more promising. Note that the Ar^, ap- 
proach already yields some nonvanishing negative value, 
Eq. (T2J), but the errors are still too accommodating. With 
Amg s already measured, the standard approach would 
be a time-dependent CPV study with more data, per- 
forming an angular resolved simultaneously fit to both 
mass and width mixings. Clearly the SM expectation of 
—0.04 is out of reach at the Tevatron, but with 8 fb _1 or 
more data and an expected sensitivity of —0.2 per exper- 
iment 22], it is of great interest to see whether evidence 
for sin2$s s ^ could emerge before LHC data arrives. 

We have only illustrated the possible outcome for CPV 
in B s system, as well as mixing and CPV in D° system. 
The numbers are not very precise and should not be taken 
literally, since uncertainties in hadronic parameters such 
as fg Bb s are large. But if a 4th generation is present 
in Nature, it is quite likely that it contributes to B s -B s 
and D°-D° mixings as well as b — > s£ + £~ the way we 
suggested. This is especially true, in light of the mixing- 
dependent and direct CPV "anomalies" in b — > sqq de- 
cays. Put in other words, the discovery of sin2<I>B s < 
would provide more confirmation, as well as information 
on, the scenario that we have proposed. We stress once 
again that, changing rrif from our nominal value of 300 
GeV does not affect the effects that we discuss, but leads 
to just a shift in the parameter range. 

In summary, we show that the current measurements 
of B s mixing and b — > s£ + £~ rate, though consistent with 
the Standard Model, can accommodate a four generation. 
The predicted large and negative CP violation phase in 
B s mixing can be tested already at the Tevatron. As 
a corollary, we predict short distance D° mixing to be 
close to present sensitivities, with subdued but finite CP 
violation phase that can be probed in the future. 
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